Abstract-Point contacts provide an interesting approach for reducing the buffer layer/Cu(In,Ga)Se 2 interface recombination that typically limits Cu(In,Ga)Se 2 solar cell performance when nontoxic alternatives to CdS buffer layers are used. In this study, we implement a scheme to create a point contact buffer layer on Cu(In,Ga)Se 2 solar cells using a combination of atomic layer deposition and nanosphere lithography. While we showcase these buffer layers using Al 2 O 3 as the passivating material, ZnO as the conductive material, and a silica nanosphere size of 310 nm in diameter, this scheme is general and could readily be applied for other materials and other sphere sizes. The resulting solar cells with Al 2 O 3 and ZnO point contact buffer layers demonstrate successful application of this scheme, yielding a higher conversion efficiency (6.58 ± 0.58%) than either of the binary buffer layers Al 2 O 3 (0%) and ZnO (5.15 ± 0.57%). The improvement over ZnO is mainly due to an increased open circuit voltage, which is an indication of a reduced surface recombination.
I. INTRODUCTION
C U(IN,GA)SE 2 (CIGS) thin-film technology is currently a competitive choice to produce solar cells for the world market, and it is becoming an even more interesting one as the resulting performance closes in on conventional Si solar cell technology both in research laboratories and in production [1] - [3] . Since it is not straightforward to make CIGS n-type while maintaining a high performance [4] , [5] , the standard CIGS solar cell typically consists of a stack of different compound layers to form the p-n junction and extract the current, as shown in Fig. 1 . The n-type layer that is in direct contact with the p-type CIGS is denoted as the buffer layer. Historically, the best performing and most studied buffer layer material has been CdS [1] , [6] , but CdS has a band gap of 2.4 eV, which results in absorption of the higher energy photons that are found in the blue and UV regions of the solar spectrum. From a performance standpoint, this means that those photons are not available to excite electrons in the CIGS, limiting the maximum attainable short circuit current density (J sc ) of the device [7] . Developing buffer layers that are transparent to sunlight is therefore a way to increase the device performance and is a major research topic for CIGS solar cells [6] . So far the best candidates are In 2 S 3 and ternary ZnO based systems such as Zn 1−x Sn x O y , Zn(O,S), and ZnMgO [2] , [8] - [12] . While the solar cells with these layers show increased currents, they have suffered from increased recombination at the interface with the CIGS, which lowers their open circuit voltage (V oc ) [6] . So far, a perfect replacement material for CdS that achieves all the desired properties has not been found.
Instead of seeking a single material, we are using a different approach in this study to fulfill the requirements of the buffer layer. We implement a two material point contact structure on the surface of the CIGS. The main idea of point contacts is to passivate the interface defects with a highly passivating material. However, as such highly passivating materials are typically poor conductors or introduce significant barriers for the excited electrons in the CIGS conduction band, there would be no current flowing if the entire surface were covered with it. To extract the current, small holes or points are introduced in the passivating layer, exposing the CIGS surface. The CIGS is then contacted at these points using a different material without an energy barrier but with a high conductivity, as illustrated in the right stack of Fig. 1 . This point contacting scheme has successfully been tested for the back contact of both Si [13] and CIGS devices [14] and recently for the buffer layer for CIGS [15] - [17] .
In the previous study with a point contacted buffer layer, the material combination was In 2 S 3 and ZnS. ZnS was chosen in that work because it is a good passivation material and because by using the technique of ion layer gas reaction deposition, it naturally forms a pattern by nucleating as islands during the initial growth. While this technique was successfully demonstrated and could potentially be scaled up for production, it puts restrictions on the material selection because it relies on a material system that naturally forms islands during film nucleation. In this study, we have examined an alternative approach using nanosphere lithography, which is a method that has recently been used in nanofabrication to create periodic structures on large areas, to create a point contact pattern [18] - [20] . This method enables the choice of any material combination as long as there is a means to grow the passivating material conformally, e.g., by atomic layer deposition (ALD) or by chemical bath deposition (CBD). Additionally, this approach allows the distance between contact points to be systematically changed by adjusting the nanosphere diameter. This level of control is very useful since it is important that every grain of the polycrystalline CIGS, where the top surface area of the grains typically has a size of 0.01-1 μm 2 , has at least one point contact to avoid the need to transfer the excited electrons across grain boundaries, where they could potentially recombine.
Our study showcases the implementation of this nanosphere patterning technique. We give a detailed explanation for the patterning steps, especially for the deposition of a closed packed monolayer of the nanospheres on CIGS using functionalized silica particles and a Langmuir-Blodgett (LB) trough. The point contact pattern is evaluated as a buffer layer in CIGS solar cells using ALD Al 2 O 3 as the passivating material since it has shown good passivation performance [21] and ALD ZnO as the conductive material since it does not form an energy barrier [22] . The resulting solar cells are compared to references where the buffer layer is homogenous CdS.
II. METHODS

A. Solar Cell Fabrication and Characterization
The solar cells consist of a soda lime glass (SLG)/ Mo/CIGS/buffer layer/ZnO:Al/Ag grid stack. The SLG/ Mo/CIGS bottom of the the stack was fabricated at Uppsala University using a previously developed baseline procedure [23] , whereas the remainder of the stack was fabricated at Stanford University. Just prior to the point contact patterning and immediately after the samples were removed from the N 2 atmosphere transit storage, they were pretreated with a 1.5 M potassium cyanide (KCN) aqueous solution in a bath for [24] - [26] . CdS reference buffer layers were grown by CBD at Stanford [27] . The subsequent point contact patterning steps are described in detail in Section II-B. ZnO:Al was deposited with radio frequency sputtering in a homebuilt system with a ZnO:Al compound target, an Ar background pressure of 2 mTorr, and a power of 100 W, but without any substrate heating besides of the indirect heating from the plasma. The resulting films were approximately 400 nm thick as seen in scanning electron microscopy (SEM) cross section micrographs. A FEI XL30 Sirion SEM was used for both the aforementioned cross sections and for the top view micrographs within this study. The ZnO:Al films had a sheet resistance of 150-200 Ω/sq as measured on an SLG reference piece by a four point probe. Finally, the Ag grid was thermally evaporated in a homebuilt system to a thickness of 1000 nm using a shadow mask. To define the individual solar cells, the CIGS/buffer layer/ZnO:Al/Ag partial stack was removed using a scalpel. The Ag grid pattern was designed for approximately 0.5 cm 2 sized cells and for a ZnO:Al sheet resistance lower than 100 Ω/sq. Since the ZnO:Al sheet resistance was higher than 100 Ω/sq in this study, the cell areas have been made smaller, i.e., only ∼ 0.04 cm 2 , to try to mitigate the resistive losses in the ZnO:Al film by shortening the maximum distance an electron needs to travel to reach the metal grid.
B. Point Contact Deposition and Patterning
Both the point contact compounds, Al 2 O 3 and ZnO, were grown by ALD in a commercial Arradiance Gemstar 6 hotwall reactor. The Al 2 O 3 ALD process used trimethylaluminum (TMA) Al(CH 3 ) 3 as the Al precursor and H 2 O as the counter reactant. A saturated growth rate of 1.1Å/cycle was achieved for the ALD cycle of TMA/N 2 purge/H 2 O/N 2 purge using pulse lengths of 1/30/1/30 s, respectively, and a growth temperature of 120°C. A total of 50 cycles were performed and the resulting Al 2 O 3 thickness was determined to be 5.3 nm using modeling based on spectroscopic ellipsometry (J. A. Woolam Co., Inc. α-SE) measurements at three different incidence angles (65°, 70°, and 75°) and a wavelength range of 380-890 nm. For the ZnO process, diethylzinc (DEZ) was used as the Zn precursor and H 2 O as the counter reactant. The ZnO ALD cycle was DEZ/N 2 purge/H 2 O/N 2 purge with pulse times of 1/30/1/30 s, which resulted in a saturated growth rate of 1.7Å/s at 120°C
. A total of 200 ZnO ALD cycles were performed and the resulting film thickness was 33 nm as measured on a piece of witness glass included in the deposition at the same time as the CIGS samples. The use of a witness sample simplified the ellipsometry modeling, since the ZnO is deposited on a surface which contains areas of both Al 2 O 3 and CIGS, making it nontrivial to analyze its thickness directly on the samples.
The point contact patterning of the buffer layer was carried out in four steps (see Fig. 2 ).
1) A close-packed monolayer of functionalized silica nanospheres was deposited onto the CIGS surface using an LB trough. 2) A thin film of passivating material, in this case Al 2 O 3 , was deposited onto the nanosphere-packed surface using ALD. Because of ALD's conformal nature, this step resulted in Fig. 2 . Fabrication procedure for point contact patterning. 1. A close-packed monolayer of functionalized silica nanospheres is deposited onto the CIGS surface. 2. Al 2 O 3 , which is the passivation layer, is deposited using ALD. 3. Nanospheres are removed using ultrasound sonication. 4. ZnO, which is the conductive material, is deposited using ALD.
the CIGS surface being fully covered by the passivating film, with the exception of the contact points between the silica nanospheres and CIGS surface.
3) The nanospheres were removed from the CIGS surface by ultrasonicating the sample in water for 15 min using an ultrasonic cleaner (Branson 1510). This exposed the nonpassivated points of the CIGS surface and this served as a template for the point contacts. 4) A thin film of conductive material, in our study ZnO, was deposited onto the surface using ALD. As intended, the conductive material was separated from the CIGS surface by the passivation layer, except in the areas of the point contact. We used the LB trough method [18] - [20] , [28] to deposit the nanospheres in this study as it had previously been demonstrated to be capable of forming a close-packed monolayer of silica nanospheres on both glass substrates and on Si wafers. To make the 310 nm diameter colloidal silica nanospheres (Bangs Laboratories, Inc.) float, they were functionalized with 3-aminopropyltriethoxysilane (APTES) (99%, Aldrich) according to a previously developed process using an SiO 2 :APTES ratio of 1:0.1 and a reaction time of 18 h. The functionalization gives the nanospheres the required lipophilic properties, prevents them from aggregating, and facilitates the formation of a monolayer on the water surface [29] . A total of 200 μL of functionalized particles was dispersed into 4 mL ethanol (EtOH) and then dispersed onto the DI water surface of the LB trough (KSV NIMA KN 2002) at a rate of 3 ml/h, by using a capillary tube and a syringe pump (kdScientific 200). Then, the randomly positioned nanospheres on the DI water surface [see Fig. 3(a) ] were compressed using a barrier until they became close-packed [see Fig. 3(b) ], which was indicated by an exponential spike in surface tension. The CIGS substrate was then quickly plunged beneath the surface and slowly pulled up again at a rate of 1 cm/min, while the close-packing was maintained by a control loop moving the barriers closer to the substrate and keeping the high surface tension [see Fig. 3(c) ], until the entire CIGS substrate was removed from the water and the deposition finished [see Fig. 3(d) ].
III. RESULTS AND DISCUSSION
A. Point Contact Patterning
The resulting deposition is evaluated using SEM to obtain a top view of the CIGS sample after nanosphere deposition [see Fig. 4(a) ]. Fig. 4(a) shows a clear distinction between the region of the sample that was immersed in the trough (on the left) and the region that was not in the trough (on the right). It is evident that the nanospheres were successfully deposited onto the CIGS substrate and that the nanospheres locally are close-packed. As the surface area for this type of CIGS is very rough [30] , it is not surprising that the close-packing, as seen on Si [18] , is disrupted by the peaks and valleys of the surface. Instead, it appears that the LB trough coats the CIGS surface with nearly as conformal a close-packed single layer of particles as is geometrically possible. Seen from the top of the sample, a crevice or a peak appears as a stacking of particles, but if the particles are instead viewed from the normal of one of the grain facets then there is close to one layer of coating. Furthermore, after LB sphere coating, a uniform interference color appears all over the sample, indicating that the coverage of particles as seen from the surface normal is nearly same all across the surface. In contrast, preliminary experiments where the surface coverage was not complete gave a hazier looking sample surface and no interference color, and if the particles formed in multilayers, the sample roughness was reduced and a shiny nonuniform interference color was seen. Packing irregularities could also arise from imperfect compression of nanospheres on the LB trough water surface, where there may be some regions of nanospheres that are not fully compressed into a close-packed monolayer. Overall, however, the LB trough is reasonably successful in depositing the nanospheres as a quite conformal and close-packed single sphere layer over most of the rough CIGS surface. Fig. 4(b) shows an SEM image of a sample from the same substrate as Fig. 4 (a) after Al 2 O 3 ALD and the removal of nanospheres using ultrasonication. As seen in Fig. 4(b) , the CIGS surface is entirely coated by Al 2 O 3 with the exception of several dark circular spots on the 0.01-1 μm 2 sized top surfaces of the grains. These spots are bare CIGS without Al 2 O 3 that were blocked by contact to the nanospheres, and will serve as the point contacts after ZnO ALD. This image visually confirms that the point contacting is successfully implemented using a combination of nanosphere lithography and ALD and that for the sphere size used in this study, which is 310 nm in diameter, nearly every CIGS grain gets at least one point contact. A more detailed SEM analysis of the Al 2 O 3 passivation layer deposition onto the nanosphere layer is found in the Appendix.
B. Solar Cell Results
The active area performance of solar cells fabricated using the Al 2 O 3 and ZnO point contact scheme developed in this study is found in Table I like, but have a slightly higher J sc of 37.2 ± 1.8 mA/cm 2 , a lower FF of 38.4 ± 2.3%, and a higher V oc of 461 ± 23 mV, resulting in an overall higher η of 6.58 ± 0.58%.
Some of these trends in solar cell performance can be explained by the alignment of the energy band positions for ZnO, Al 2 O 3 , and CIGS [20] , [29] , [30] , which are displayed in Fig. 6 . The sample with only an Al 2 O 3 buffer layer covering the surface prevents current flow through the device, which agrees with the large conduction band offset (CBO) as seen from the CIGS that is introduced by the small electron affinity of Al 2 O 3 [31] . In the sample with a ZnO buffer layer, the open circuit voltage (V oc ) is lower than that for the point contact sample. This is a direct result of employing the point contact scheme to reduce the area where the surface recombination is high, exemplified in this study by the ZnO/CIGS contacting area. The ZnO/CIGS junction is known to have a high recombination due to its negative CBO, as seen from the CIGS [22] (see Fig. 6 ), which, according to a previous study, should increase the contribution from defects at the ZnO/CIGS interface [33] . The high recombination ultimately reduces V oc of devices with this stack. Thus, the comparison with the two binary buffer layer materials suggests that the point contacts are working as intended, showing improvement over ZnO alone by reducing recombination and over Al 2 O 3 alone by allowing current transport across the junction.
Despite the higher V oc , J sc , and efficiency of the point contact samples, we note that the fill factor (FF) is lower compared to the ZnO-only samples. In the JV sweeps, the forward bias slope clearly decreases for the point contact samples. This lowers the FF and may be due to an increased R s . As a rough estimate, R s was calculated at V oc for the different samples and was found to be more than twice as high for the point contact sample compared to the ZnO sample. An increased series resistance could be caused by deficiencies in contacting every CIGS grain, which would require electrons to cross CIGS grain boundaries to reach the point contact. However, from the SEM micrographs shown in Fig. 4(b) , it seems likely that most grains are indeed contacted. Another possible explanation for the low FF is that the contact resistance between the ZnO and CIGS could be too high, but this is unlikely as there is no barrier for the electrons to overcome when they are traversing the interface going from the CIGS to the buffer layer, as illustrated in Fig. 6 . Additionally, the cells with only a ZnO layer have a better FF than the ones with point contacts, which suggests that the contact resistance of the ZnO/CIGS interface is not the issue. A third possibility is that there is insufficient contact area for the point contacts, which would limit the current flow across the junction. From multiple SEM micrographs of samples with the spheres removed [not shown here but with results similar to Fig. 4(b) ], we calculate that the point contacts cover 12 ± 3% of the area. Previous simulations suggest that further reducing the contact area below 12% would be more beneficial [16] , whereas previous experiments have shown that the performance starts dropping once the contact area is reduced beyond a certain point [17] . It is possible that this point has been reached in this study and that the FF becomes limited by a too small contact area. Finally, a theoretical study showed that the FF can also be limited due to series resistance if the electrons have to pass too far in the low conductivity CIGS before they reach the point contact, e.g., if the distance between the point contacts is too far [34] . The results of that study suggest shortening the distance down toward 50 nm for the best FF, which is shorter than the distances seen in the SEM micrographs in this study. The point contacts being too far apart is therefore also a likely reason for the observed increased series resistance seen in this work. To determine if the FF of the devices in this study is limited by either an insufficient contact area or by the contacts being too far apart, future studies could investigate the effect of the sphere size during the patterning as this would alter both the contact size and the distance between the contacts.
Even though the point contact samples are superior to the ZnO and Al 2 O 3 reference devices, the performance of the point contact cells is substantially lower than reference devices with CdS. The lower efficiency arises from losses in V oc and FF. As discussed above, the loss in FF is most likely due to the contact area being too small or too far apart. Additionally, the expected gain in J sc , as predicted from theory [7] due to the buffer layer being more transparent for the point contact sample than the CdS sample, is not achieved.
Although previous studies using transparent buffer layers [2] , [8] - [12] have shown a gain in J sc compared to the CdS reference devices, we speculate that in our study, the predicted gain for shorter wavelengths is counteracted by having a larger recombination probability for excited electrons at the buffer layer/CIGS interface. Since all of the excited electrons have to pass across the interface, an increased recombination probability would be expected to lower the overall current of the device. A higher recombination probability is also implicated by the V oc results, since a lower V oc is the result of increased recombination in the device. As only the buffer layer has been changed, the increase in recombination is most likely due to a change at the sensitive buffer layer/CIGS interface. One possible explanation for a high recombination probability is that despite our best efforts to prevent degradation of the CIGS samples (keeping the samples in an inert N 2 atmosphere and later etching them with KCN), the CIGS surfaces may have still degraded substantially during the shipment. The reference samples with CdS also get an additional cleaning by the aqueous ammonia in the bath deposition solution, which might give them a slightly cleaner interface.
In future studies, it would be valuable to fully evaluate and develop different surface cleaning methods. Additionally, to better understand the lack of current gain, it would be helpful to look at the spectral response of the devices using quantum efficiency measurements to see for what wavelengths current is gained and where it is lost. One approach to increase V oc is to increase the passivated area of the CIGS surface, but this needs to be done carefully so that the current transport does not get inhibited due to a reduced contacting area, which would lower the FF as discussed above. Another path to improved performance is to find materials that have better passivating properties [27] to replace the Al 2 O 3 and the ZnO materials while keeping the geometric point contact area constant. Since our patterning method is general for any combination of materials, provided that they can be coated conformally, we believe that it should be straightforward from a fabrication perspective to incorporate other material combinations.
IV. CONCLUSION
A versatile procedure to create point contacting buffer layers for CIGS solar cells is developed. The point contact patterning is facilitated by coating the CIGS surface with a single layer of close packed silica nanospheres. To achieve this, the nanospheres are functionalized with APTES and assembled into a close packed layer by an LB trough. A conformal film of surface-passivating Al 2 O 3 is coated on the spheres and on the uncovered CIGS surface in between the spheres. When the spheres are removed, circular regions of bare CIGS are exposed. These are contacted by conformally coating a ZnO layer on top of the entire substrate. When this ZnO and Al 2 O 3 point contact structure is implemented into CIGS solar cells as the buffer layer, the device performance increases compared to only having either a ZnO or Al 2 O 3 layer due to a significantly higher V oc . Compared to samples having a homogeneous CdS buffer layer, however, the point contact structure has a lower performance because of decreases in both V oc and FF. Nevertheless, because the point contacting procedure is versatile, the materials involved can be replaced by a wide range of other materials that grow conformally, and the geometric pattern can be changed by the size of the spheres, enabling several interesting pathways toward better performance using this technique in the future.
APPENDIX NANOSPHERE DROPCASTING
In addition to LB trough deposition, deposition of the silica nanospheres by drop casting was also explored. The dropcasted film illustrated in Fig. 7 uses the same functionalization and EtOH suspension procedure for the nanoparticles as the LB trough deposition mentioned in the main paper. The dropcasting itself was performed onto CIGS samples with an area of 1−2 cm 2 using a micropipette and enough of the functionalized nanospheres in EtOH solution, i.e., 10-40 μL, to cover the entire surface. After the casting, the CIGS samples were left to dry for 10-12 h in an air draft protected container that was saturated with EtOH using EtOH-soaked napkins surrounding the sample. The intentional slowdown of the drying was implemented to improve the resulting nanosphere film uniformity. In contrast, drying the samples in a regular atmosphere resulted in a quick process that left ring-like nanosphere build ups rather than a uniform film.
Comparing the CIGS samples before Al 2 O 3 ALD [see Fig. 7(a) ] and after Al 2 O 3 ALD [see Fig. 7(b) ] shows that the nanospheres appear to be more distinct before the Al 2 O 3 layer is deposited. In Fig. 7(b) , the nanospheres are noticeably less discrete and the edges of adjacent nanospheres appear to be fusing together. This fusing phenomenon, which is not observed in Fig. 7(a) , suggests the presence of the Al 2 O 3 passivation layer on top of the nanospheres. Although the nanospheres in Fig. 7 are dropcasted rather than deposited using an LB trough, they illustrate the effect of the Al 2 O 3 coating on the nanospheres.
